By combining genetic algorithm optimizations, first-principles calculations and the double-exchange model studies, we have revealed that the exotic insulating ferromagnetism in LaMnO 3 thin film originates from the previously unreported G-type d 3z 2 −r 2 /d x 2 −y 2 orbital ordering. An insulating gap opens as a result of both the orbital ordering and the strong electron-phonon coupling. Therefore, there exist two strain-induced phase transitions in the LaMnO 3 thin film, from the insulating A-type antiferromagnetic phase to the insulating ferromagnetic phase and then to the metallic ferromagnetic phase. These phase transitions may be exploited in tunneling magnetoresistance-and tunneling electroresistance-related devices.
I. INTRODUCTION
Perovskite LaMnO 3 (LMO), a fundamental, strongly correlated electron system and the parent compound of the colossal magnetoresistance manganites, displays a complex correlation among structural, orbital, magnetic, and electronic degrees of freedom and has been extensively studied over the past decades [1] . Recently, LMO thin films have attracted considerable attention not only because many interesting and emerging phenomena have been discovered in LMO thin film-related superlattices [2] [3] [4] [5] but also because LMO thin films display exotic behavior that is different from that of bulk. Experiments discovered a surprising insulating ferromagnetic (FM) phase in LMO thin films epitaxially grown on the square-lattice SrTiO 3 (STO) substrate [2, [6] [7] [8] [9] [10] [11] [12] . The origin of this puzzling insulating FM phase is unclear. The unexpected ferromagnetism was considered to be extrinsic, and deficiency of La [9, 13] was suggested as a possible explanation for it. However, it is not consistent with the tendency of the FM phase in LMO thin films with cation deficiency to be metallic [6, 14, 15] . Previous models [16, 17] and recent first-principles studies [18, 19] on LMO thin films predicted the metallic FM phase instead of the experimentally observed insulating FM phase. It is important to address how the prototypical antiferromagnetic (AFM) Mott insulator transforms to an insulating ferromagnet.
To address such an intriguing issue, we present a comprehensive theoretical paper on the LMO thin film by combining genetic algorithm (GA) optimizations, first-principles calculations, and orbital-degenerate double-exchange (DE) model studies. Our extensive GA simulations give an insulating FM phase of the LMO thin film, which crystallizes in the monoclinic P 21/n structure. This monoclinic P 21/n structure has a peculiar arrangement pattern of Jahn-Teller (JT) distortions of MnO 6 octahedra, giving rise to the previously unreported three-dimensionally d 3z 2 −r 2 /d x 2 −y 2 −alternated orbital order. According to the Goodenough-Kanamori rules [20] , this kind of orbital orders induces three-dimensional ferromagnetism. First-principles calculations show that the band gap of the * hjxiang@fudan.edu.cn † xggong@fudan.edu.cn monoclinic P 21/n FM phase is 0.16 eV, compatible with the experimentally observed excitation energy [2] (≈0.14 eV). Through the orbital-degenerate DE model, it is revealed that the band gap opens as a result of both the orbital ordering and the strong electron-phonon coupling. We also show that LMO thin film transforms from the insulating A-type antiferromagnetic (A-AFM) phase to the insulating FM phase and then to the metallic FM phase when the lateral lattice constant decreases.
II. COMPUTATIONAL DETAILS
In this paper, the widely adopted global optimization technique GA [21] [22] [23] [24] is used to search the ground state structure of the LaMnO 3 thin film. The GA method we employed here is similar to that described in Ref. [24] with the exception that the spin information of the magnetic ions is explicitly kept in the crossover operation and a mutation operation related to the spin direction is added. A √ 2 × √ 2 × 2 perovskite supercell containing 4 formula units (f.u.; 20 atoms) is used. In GA searches, in order to match the experimentally epitaxial strain induced by the square-lattice substrate SrTiO 3 , the two in-plane lattice vectors are fixed at a LMO = b LMO = √ 2a STO where a STO is the lattice constant (3.905Å) of the cubic STO substrate. However, both the length and the direction of the out-of-plane lattice vector c LMO and the internal ionic coordinates are fully optimized.
First-principles calculations based on density functional theory (DFT) are performed using the generalized gradient approximation (GGA) with the PW91 parameterization as implemented in Vienna Ab initio Simulation Package (VASP) [25] [26] [27] [28] . The projector-augmented wave method, an energy cutoff of 500 eV, and a k-point mesh grid of 7 × 7 × 5 centered at the gamma point are used. The ions are relaxed towards equilibrium positions until the Hellmann-Feynman forces on each atoms are less than 0.01 eV/Å in structure relaxations. We use the rotationally invariant coulomb-corrected local spin density approximation (LSDA+U ) method according to Liechtenstein et al. [29] with the experimentally deduced on-site coulomb energy [30] U = 3.5 eV applied to the manganese d electrons. The effect of U on our results will also be discussed later.
III. RESULTS AND DISCUSSIONS
We first reproduce the properties of bulk LaMnO 3 to ensure the validity of our calculation methods and U parameters. Then we use the GA optimization method to search the magnetic ground state of LMO thin films strained on SrTiO 3 and find that the ground state of LMO-strained thin films intrinsically adopts the experimentally observed insulating FM phase. We investigate the properties of this newly found insulating FM phase, including its crystal structures, band structures, and orbital orderings, to understand magnetic interactions in this system. Finally, orbital degenerate DE model studies are conducted to unveil the physical mechanism of the insulating ferromagnetism. [40] (a = 3.99Å) do not take the bulk structure, because in this case LMO thin film is slightly stretched along the a axis and seriously compressed along the b axis. The evolution of the lattice constant c of the ground state is given in the upper panel. The two red straight lines are guides to the eyes. The magnetic and orbital orders of each ground state are depicted in the middle panel. Blue arrows represent spins. The bottom panel gives the total energies of the P 21/n A-AFM, P 21/n FM, Pbnm A-AFM, and Pbnm FM phases as a function of the square-lattice substrate lattice constant a. The black arrow indicates the lattice constant of the STO substrate. The P 21/n FM phase merges with the Pbnm FM phase when the lattice constant becomes smaller than 3.88Å, and the P 21/n structure merges with the Pbnm structure when the lattice constant becomes larger than 4.03Å. structural optimizations successfully reproduce the A-AFM magnetic ground state in the bulk LMO with a lower total energy than the FM state by 8.5 meV/f.u., although it is not a trivial task to achieve this within DFT framework [31] . The calculated direct gap is 1.2 eV, consistent with optical measurements [32] . Besides, the relevant magnetic exchange constants are calculated to be J ab = 2.09 meV and J c = −1.13 meV. They are consistent with experimentally measured [33] J ab = 1.85 meV and J c = −1.1 meV. With these calculated magnetic exchange constants, Monte Carlo (MC) simulations reveal that the transition temperature is T N = 116 K, consistent with the experimentally observed one [34] of T N = 140 K. Intriguingly, our systematical studies show that either too small or too large U cannot correctly obtain the A-AFM magnetic ground state. We find that U should be between 2.5 and 4.0 eV to reproduce the A-AFM ground state. Unless specified, a U value of 3.5 eV is used for the following results.
B. Intrinsic insulating ferromagnetism in LMO thin films
Previously, LMO thin film strained on STO was always calculated to be metallic FM, with Pbnm symmetry, in contrast to the experimentally observed results. How insulating ferromagnetism arises in this system has always been a mystery to both theorists and experimentalists. Through extensive GA searches, however, we find that an insulating FM phase, which has a total energy lower than the metallic Pbnm FM (Pbnm FM M) phase by 6.9 meV/f.u. (Fig. 1) , is actually the magnetic ground state of this strained LMO thin film, making insulating ferromagnetism an intrinsic property of this system. To understand its magnetic interactions, the crystal structure, band structure, and orbital orderings of this newly found phase are investigated in this part.
This insulating FM phase crystallizes in a slightly distorted monoclinic P 21/n structure with β = 90.74
• . Two kinds of Mn ions, denoted as Mn-A and Mn-B, are found in the monoclinic P 21/n structure [ Fig. 2(b) ], while all Mn ions are equivalent in the orthorhombic Pbnm structure [ Fig. 2(a) ]. Mn-A has a MnO 6 octahedron elongated along the c axis [ Fig. 2(c) ], while Mn-B has a MnO 6 octahedron stretched in the ab plane [ Fig. 2(d) ]. What is most significant is that these two kinds of Mn atoms are arranged in a checkerboard G-type manner [ Fig. 2(b) ]. This is rather different from the bulk LMO, where the relevant Q 3 modes [1] of the JT distortions of all MnO 6 octahedra are with their principal axes lying within the ab plane and these axes are alternatively arranged in this plane.
The band structure of the majority spin (up) of the monoclinic P 21/n FM phase is plotted in Fig. 3(a) . The monoclinic P 21/n FM phase is insulating (P 21/n FM I). It has an indirect band gap of 0.16 eV, compatible with the experimentally observed excitation energy [2] (≈ 0.14 eV). Moreover, its bandwidth is narrower than that of the Pbnm FM M phase [ Fig. 3(c) ]. We expect that the P 21/n FM I phase can be confirmed by the angle-resolved photoemission spectroscopy experiment.
We now examine the orbital order in the P 21/n FM I phase. Since the MnO 6 octahedron of Mn-A is elongated along the c axis, the d 3z 2 −r 2 orbital is lower in energy than the d x 2 −y 2 orbital; thus, the single e g electron occupies the d 3z 2 −r 2 orbital, which can be shown by the partial density of states (PDOS) [ Fig. 4(a) ]. The notable split between the peak of the d 3z 2 −r 2 orbital and that of the d x 2 −y 2 orbital is consistent with the large
27Å. In contrast, the orbital occupation is opposite for Mn-B. The d x 2 −y 2 orbital is lower in energy as a result of the in-plane stretch of the MnO 6 octahedron; thus, the single e g electron mainly occupies the d x 2 −y 2 orbital, which can be verified by the PDOS [Fig. 4(b) Figure 3(b) shows the e g charge density integrated from −1.5 eV to the Fermi level, which displays the orbital order of the P 21/n FM I phase. In this energy interval, the spectral density of Mn-A has a predominantly d 3z 2 −r 2 character, while Mn-B has a predominantly d x 2 −y 2 character. Therefore, we first report that the P 21/n FM I phase has a type of three-dimensionally Fig. 3(d) ] and completely different from the d 3x 2 −r 2 /d 3y 2 −r 2 type [35] .
Based on the established orbital order, the magnetic interactions among the Mn atoms in the P 21/n FM I phase can be deduced according to the Goodenough-Kanamori rules [20] . As a result of the three-dimensionally d 3z 2 −r 2 /d x 2 −y 2 −alternated orbital order, the half-filled σ -bond d 3z 2 −r 2 orbital from Mn-A overlaps with the empty σ -bond d 3z 2 −r 2 orbital from Mn-B along the cubic [001] axis through the middle O-2p z orbital, giving rise to strong FM interactions. Besides, the half-filled π -bond t 2g orbitals will give rise to an AFM interaction between Mn-A and Mn-B. Since the overlap of the σ -bonding electrons is greater than that of the π -bonding electrons, the FM interaction turns out to be stronger than the AFM one. In other words, if Mn-A and Mn-B ferromagnetically interact along the [001] axis, the total energy is lowered significantly (upper panel of Fig. 5 ). If they interact antiferromagnetically, however, there is only a rather tiny energy gain (upper panel of (Fig. 5) .
The deduced magnetic interactions among Mn atoms are verified by DFT calculations by means of the four-states mapping method [36] . The considered nearest-neighbor (NN) magnetic interaction paths J cc , J ab1 , and J ab2 are shown in Fig. 2(b) . As expected, our calculations find J cc = 9.73 meV, J ab1 = 3.91 meV, and J ab2 = 5.94 meV. All of them are FM. The next-nearest-neighbor magnetic interactions are found to be much weaker than the NN ones. Therefore, the magnetic ground state is FM. With the DFT-calculated magnetic exchange constants, our MC simulations lead to a transition temperature T C = 446 K, higher than the experimentally measured ones [6, 10] ranging from 115 K to 240 K. A possible explanation for this discrepancy is that the epitaxial strain is gradually relaxed from the substrate to the film surface; thus, the FM phase locates just near the strained film-substrate interface while the bulklike A-AFM phase dominates at the film surface, similar to the case of the strain-induced ferromagnetism in AFM LuMnO 3 thin film [37] .
In addition, we find that our main results remain correct if a reasonable U value is used. Figure 6 shows that the monoclinic P 21/n state is always more stable than the Pbnm state when a reasonable U between 2.5 and 4.0 eV that describes bulk LMO well is adopted. It is found that for U less than 2.0 eV, the monoclinic P 21/n state cannot be stabilized because the small U significantly underestimates the JT distortions. In other words, only the Pbnm structure is obtained. For U larger than 3.0 eV, the P 21/n FM phase becomes insulating and has an appreciably lower total energy than the Pbnm FM M phase. Moreover, both the band gap of the P 21/n FM I phase and the total energy difference between the P 21/n FM I and the Pbnm FM M phases increase with U . Any U ranging from 1. 
C. Mechanism of the insulating ferromagnetism in the P21/n phase
In order to unveil the mechanism of the insulating ferromagnetism, we employ the orbital-degenerate DE model with one e g electron per Mn 3+ ion. An infinite Hund coupling limit [1] , i.e., J H = ∞, is adopted in our paper. With this useful simplification, the DE model Hamiltonian reads
In this Hamiltonian, d
+ iα and d iα are the creation and annihilation operators, respectively, for the e g electron on the orbital α = |x 2 − y 2 (a) and β = |3z 2 − r 2 (b), with its spin parallel to the localized t 2g spin S i ; a = x,y,z is the direction of the link connecting the two NN Mn 3+ sites; and Berry phase ij = cos through the AFM superexchange J AF > 0. The third term is the electron-phonon coupling, where λ is a dimensionless constant and the e g -orbital operators are n i = d
The last term is the lattice elastic energy. The JT modes (Q 2 and Q 3 ) and breathing mode (Q 1 ) are defined in Ref. [1] .
In the present paper, the NN AFM superexchange interaction between Mn t 2g spins, i.e., the second term, is left out of considerations since both the P 21/n and the Pbnm phases are FM. The DFT relaxed structures of the P 21/n FM and the Pbnm FM phases are used. Because the breathing modes (Q 1 ) are much smaller than the JT modes (Q 2 and Q 3 ) in both phases, they are ignored in our paper. Lastly, t 0 = 0.52 eV and λ = 1.4 (λ usually estimated [1] between 1.0 and 1.6) are used [38, 39] . This set of parameters results in an energy difference between the P 21/n FM and the Pbnm FM phases close to that obtained from the DFT calculations. By exactly diagonalizing the DE Hamiltonian, we show the band structures of the P 21/n FM and the Pbnm FM phases in Figs. 3(a) and 3(c), respectively. As expected, the band structure of the P 21/n FM phase is characteristic of an insulator and that of the Pbnm FM phase is characteristic of a metal. The profiles of both band structures obtained from the model well reproduce that obtained from the DFT calculations, indicating that the parameters involved in the model are appropriately selected.
Let's address why the P 21/n FM phase is insulating while the Pbnm FM phase is metallic. For the P 21/n FM phase, because the three-dimensionally d t 0 ) between the lower-energy occupied orbital d 3z 2 −r 2 of Mn-A and the lower-energy occupied orbital d x 2 −y 2 of Mn-B. So its bandwidth W P 21/n is proportional to √ 3t 0 . Likewise, the bandwidth W P bnm of the Pbnm FM phase determined by the d 3z 2 −r 2 + d x 2 −y 2 −type orbital order is proportional to 3t 0 . Thus, the P 21/n FM phase has a narrower bandwidth than the Pbnm FM phase. However, the on-site energy splitting of the two Mn-e g orbitals due to the electron-phonon coupling in an isolated MnO 6 octahedron is proportional to the strength of the JT distortions [18] :
Thus, the on-site energy splitting in the P 21/n FM phase is much larger than that in the Pbnm FM phase, because the JT distortions in the former are much severer than those in the latter. Therefore, the P 21/n FM phase possesses a finite band gap as a result of the narrow bandwidth and the large on-site e g -level splitting [Figs. 4(a) and 4(b)]. For the Pbnm FM phase, however, its bandwidths of Mn-e g bands are so wide and the electron-phonon coupling is so weak that no band gap opens [ Fig. 4(c) ]. Furthermore, decompositions of the total energies of both phases (Table I) show that the electron-phonon coupling causes a much larger energy lowering in the P 21/n FM phase than in the Pbnm FM phase, although the P 21/n FM phase has higher hopping energy and lattice elastic energy than does the Pbnm FM phase. In conclusion, it is revealed that the orbital order and the electron-phonon coupling cooperatively make the P 21/n FM phase insulating, whereas they make the Pbnm FM phase metallic, and that the electron-phonon coupling plays a vital role in stabilizing the P 21/n FM I phase as the ground state of the LMO thin film strained on STO.
D. Property dependence of LMO thin films on lattice constants
Using the same strategy applied to the LMO thin film strained on STO, we have systematically investigated the property dependence of LMO thin films on lattice constants, which can be experimentally tuned by selecting different square-lattice substrates. Here, only the P 21/n and Pbnm space groups are considered. As usual, several common magnetic orders in perovskite are considered, i.e., FM, A-AFM, C-type AFM (C-AFM), and G-type AFM (G-AFM) spin orderings. The FM and A-AFM results are shown in Fig. 1 . As the C-AFM and G-AFM spin orders do not appear as the lowest energy phase in the considered lattice constant window, they are not shown in Fig. 1 and not further discussed. Our results show that LMO thin films with lattice constants ranging from 3.88 to 4.03Å are insulating ferromagnetism with the monoclinic P 21/n structure and the three-dimensionally d 3z 2 −r 2 /d x 2 −y 2 −alternated orbital order. However, LMO thin films with lattice constants smaller than 3.88Å are metallic ferromagnetism with the Pbnm structure and d 3z 2 −r 2 + d x 2 −y 2 −type orbital order. When the lattice constant is larger than 4.04Å, the ground state of the LMO thin films becomes the Pbnm structure with an insulating A-AFM order and d 3x 2 −r 2 /d 3y 2 −r 2 −type orbital order. The Pbnm FM M and the insulating Pbnm A-AFM (Pbnm A-AFM I) phases are consistent with the paper by Lee et al. [19] on LMO thin film with large compressive and tensile epitaxial strain. The phase transitions from the P 21/n FM I phase to the Pbnm FM M phase and then to the Pbnm A-AFM I phase are intuitively illustrated by the obvious discontinuity of the lattice constant c, shown in the upper panel of Fig. 1 . The phase diagram shown in Fig. 1 is also confirmed by our GA optimizations.
IV. SUMMARY
The physical origin of the well-known and puzzling insulating ferromagnetism experimentally observed in the LaMnO 3 thin film grown on the square-lattice SrTiO 3 substrate has been investigated. We find that the insulating FM phase is intrinsically from strain-induced orbital ordering, instead of extrinsic reasons such as defects. It crystallizes in a monoclinic P 21/n structure, which has two kinds of MnO 6 octahedra: One is elongated along the c axis, and the other one is stretched in the ab plane. They are arranged in a checkerboard G-type manner, giving rising to a previously unreported three-dimensionally d 3z 2 −r 2 /d x 2 −y 2 −alternated orbital order, which naturally leads to the ferromagnetism. The DE model reveals that the band gap opens due to both the orbital ordering and the strong electron-phonon coupling. Finally, we find that epitaxially strained LMO thin film transforms from the insulating A-AFM phase to the insulating FM phase and then to the metallic FM phase when the lateral lattice constant decreases. If LMO thin film is epitaxially grown on some specified piezoelectric materials, an electricfield-induced metal-insulator transition and an electric field control of the magnetism can be realized experimentally at P bnm FM M → P 21/n FM I and P 21/n FM I → P bnmA-AFM I phase boundaries, respectively. These electric-fieldinduced phase transitions may be exploited in tunneling magnetoresistance-and tunneling electroresistance-related devices.
